Introduction
Gliomas are the most common primary brain tumors and are typically classified on the basis of WHO criteria as grades I-IV, in order of increasing anaplasia (1) . Grade IV glioblastomas (GBMs) are the most aggressive, with a median survival time of less than 15 months (2) . While the majority of WHO grade I gliomas are curable, lowergrade (WHO grade II or III) diffuse gliomas (1) are considered malignant because of their invasive growth, resistance to therapy, and high risk of transforming into higher-grade gliomas (3) .
Recent genomic studies, including those of The Cancer Genome Atlas (TCGA), have guided us toward a better understanding of the molecular characterizations of lower-grade gliomas (LGGs) (4) . Among the earliest signature molecular alterations, mutations in the isocitrate dehydrogenase IDH1 and IDH2 genes are of particular interest. These mutations have been found to be early and frequent (70%-80%) genetic alterations in LGG patients (5) , as well as in a small fraction of GBM patients, especially those with secondary GBM who progress from LGG (6) . IDH mutations persist throughout multiple recurrences, chemotherapy, and resections (7) . All IDH1 and IDH2 mutations identified to date affect a single amino acid located within the isocitrate-binding site (IDH1 [R132] or IDH2 [R140 and R172]) and confer a novel gain-of-function activity by converting α-ketoglutarate (αKG) to its (R)-enantiomer of 2-hydroxyglutarate (2HG). Reduced availability of αKG and accumulation of 2HG by mutant IDH (8) may coordinate genome-wide epigenetic changes, such as the glioma-CpG island methylator phenotype, that predispose the cells toward malignant transformation (reviewed in ref. 5) .
Immunotherapy remains an unproven but promising approach for treating brain tumors (reviewed in refs. 9, 10) . We have demonstrated that tumor-specific type 1 CD8 + T cells, which predominantly secrete IFN-γ, but not type 2 CD8 + T cells, can efficiently traffic into brain tumor sites and mediate effective tumor cell killing (11) via the type 1 chemokine CXCL10 (11) (12) (13) (14) . Despite the importance of the type 1 T cell response, gliomas and other cancers secrete numerous type 2 cytokines (15-17) that promote tumor proliferation (18, 19) and immune escape (20) (21) (22) .
Therefore, we asked whether IDH mutations could directly suppress genes required for a type 1 CD8 + T cell response, allowing for glioma growth. Our analyses of clinical samples and TCGA RNAsequencing (RNA-seq) data demonstrated reduced expression of CD8, type 1-associated effector molecules, and chemokines. Using orthotopic syngeneic glioma models, we demonstrated that IDH1 mutations and 2HG recapitulate this phenotype. As intrinsic events in an IDH-mutated (IDH-MUT) tumor cell, we found that either the IDH1 R132H mutation or 2HG can suppress the protein-level expression of STAT1, leading to the observed decrease in type 1-associated chemokines, such as CXCL10. Finally, use of IDH-C35, the specific inhibitor of mutant IDH1, improved antitumor immunity and Mutations in the isocitrate dehydrogenase genes IDH1 and IDH2 are among the first genetic alterations observed during the development of lower-grade glioma (LGG).
LGG-associated IDH mutations confer gain-of-function activity by converting α-ketoglutarate to the oncometabolite R-2-hydroxyglutarate (2HG). Clinical samples and gene expression data from The Cancer Genome Atlas (TCGA) demonstrate reduced expression of cytotoxic T lymphocyte-associated genes and IFN-γ-inducible chemokines, including CXCL10, in IDH-mutated (IDH-MUT) tumors compared with IDH-WT tumors. Given these findings, we have investigated the impact of IDH mutations on the immunological milieu in LGG. In immortalized normal human astrocytes (NHAs) and syngeneic mouse glioma models, the introduction of mutant IDH1 or treatment with 2HG reduced levels of CXCL10, which was associated with decreased production of STAT1, a regulator of CXCL10. Expression of mutant IDH1 also suppressed the accumulation of T cells in tumor sites. Reductions in CXCL10 and T cell accumulation were reversed by IDH-C35, a specific inhibitor of mutant IDH1. Furthermore, IDH-C35 enhanced the efficacy of vaccine immunotherapy in mice bearing IDH-MUT gliomas. Our findings demonstrate a mechanism of immune evasion in IDH-MUT gliomas and suggest that specific inhibitors of mutant IDH may improve the efficacy of immunotherapy in patients with IDH-MUT gliomas. + double-positive (dp) cells were identified (indicated by red circles) on the IDH-WT and IDH-MUT tissue secenhanced the efficacy of a peptide vaccine. Our findings demonstrate what we believe to be a novel, IDH-MUT-mediated mechanism of immune evasion and further suggest that mutant IDH inhibitors can be used to enhance glioma immunotherapy in patients with IDH-MUT gliomas. + T cell numbers in WHO grade III IDH-MUT gliomas compared with IDH-WT gliomas. FFPE sections from IDH-WT (n = 9) and IDH-MUT (n = 11) WHO grade III gliomas were stained for CD3 (Cy5) and CD8 (Texas Red [TEX] ) and analyzed using StrataQuest software. (A) Representative staining for CD3 (red), CD8 (yellow), and nuclei (blue) either alone or merged in both IDH-WT (WT) and IDH-MUT (MUT) cases. Red circles represent automated cell masks on CD3 and CD8 dp cells. 
Results

Immunofluorescence evaluation confirms reduced
CD8
+ dp cells as a percentage of total DAPI + cells (nuclei) calculated for each case. In B and D, each dot represents a value from a single patient, black lines represent the mean, and error bars indicate the SD of samples in a group. P values were obtained using a 2-sided, unpaired Mann-Whitney U test. LGG. Using level 3 gene expression data from TCGA database, we compared gene expression profiles of IDH-MUT (n = 149) and IDH-WT (n = 58) cases. As oligodendroglioma has a different biology and prognosis than does astrocytoma, we excluded cases with chromosome 1p/19q deletion, which is a marker for oligodendroglioma (1) . Genes related to CD8 + CTLs (CD8A, CD8B, GZMA, and GZMB) (Figure 2A ), IFN-γ and IFN-γ-inducible genes (IFNG and OAS2), as well as the chemokines CXCL9 and CXCL10 ( Figure 2B ) were significantly lower in IDH-MUT cases compared with IDH-WT counterparts. Conversely, we observed no differences in the Th2-or Treg-associated cytokines TGFB1, IL5, IL10, or CD4 ( Figure 2C ).
To evaluate genes that are upregulated or downregulated in IDH-MUT cases in an unbiased and comprehensive manner, we evaluated Gene Ontology (GO) terms, each containing genes annotated by each term (24) , in these cases. We found that 465 GO terms are upregulated (Supplemental Table 1 ) and 704 GO terms are tions ( Figure 1A and Supplemental Figure 2 ). We observed greater numbers of CD3 + CD8
+ cells per tumor area in IDH-WT tumors than in IDH-MUT tumors ( Figure 1B ). To ensure that the higher numbers of T cells were not merely due to differences in overall cell density between the 2 groups, we confirmed the greater numbers of CD3 
-cells between IDH-WT and IDH-MUT cases (Supplemental Figure 3) (IL5 and IL10) . Graphs depict the log 2 expression value of each gene: each dot represents 1 patient; black bars show the average value. P values were determined using 2-sided, unpaired t tests, with Benjamini-Hochberg adjustment for multiple testing.
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We harvested glioma tissues from C57BL/6 mice implanted with IDH1
WT or IDH1 R132H gliomas in the brain and then evaluated the expression of immune response-related genes by real-time PCR (RT-PCR). Consistent with TCGA data, both SB28 R132H ( Figure 3A ) and GL261 R132H (Supplemental Figure 5 ) tumors had reduced levels of CTL-associated and IFN-γ-inducible chemokine-related genes compared with WT counterpart tumors. Additionally, CXCL10 ELI-SA revealed significantly reduced levels of CXCL10 in GL261 R132H tumors compared with levels in GL261
WT tumors ( Figure 3B ). Furthermore, immunofluorescence staining showed reduced CTL accumulation in intracranial GL261
R132H gliomas compared with accumulation in GL261
WT gliomas ( Figure 3 , C and D). These data demonstrate the direct role of IDH1 R132H in the suppression of T cell accumulation in gliomas.
IDH-MUT glioma cells produce reduced levels of CTL-attracting chemokines. The observed expression of immune-related genes in downregulated in IDH-MUT (Supplemental Table 2 ) cases compared with IDH-WT cases. Among them, only 2 immune-related GO terms are upregulated in IDH-MUT cases (Supplemental Table  1 ), while 74 immune-related GO terms are downregulated in IDH-MUT cases (Supplemental Table 2 (25) . Liquid chromatography-mass spectrometry (LC-MS) analysis verified the functional expression of the mutant IDH1 through detection of oncometabolite 2HG production in GL261
R132H
, NHA
, and SB28 R132H cells (Supplemental Figure 4) . + dp cells from GL261-WT (n = 14) and GL261-MUT (n = 16) tumors using StrataQuest software. P values were obtained using a 2-sided, unpaired t test. reduced levels of CTL-attracting chemokines, which can directly lead to the decreased migration of CD8 + T cells. Furthermore, treatment of neurosphere cultures derived from 4 IDH-MUT glioma patients (NCH612, grade III oligodendroglioma; NCH1681, grade III astrocytoma; NCH551b and NCH620, secondary GBM) with IDH-C35 resulted in enhanced OAS2 and CXCL10 expression ( Figure 4C ). Of note, these neurosphere cultures expressed cancer stem cell-related genes including CD133, SOX2, CD44, CSPG4, CD90, and nestin (ref. 26 and Supplemental Figure 9 ), suggesting that the observed mechanism may also be relevant to glioma stem cells.
Decreased STAT1 in IDH-MUT and 2HG-treated tumor cell lines. To understand the mechanism by which IDH-MUT cells produce reduced levels of CTL-attracting chemokines, we evaluated the regulators of CXCL9 and CXCL10, IFN regulatory factor 1 (IRF1), STAT1, and phosphorylated STAT1 (p-STAT1) by Western blotting (ref. 27 and Figure 5 , A and B). Surprisingly, in addition to decreased levels of IRF1 and p-STAT1, the total amount of STAT1 protein was markedly decreased in GL261
R132H cells compared with that in GL261 WT cells, despite STAT1 activity being commonly regulated through its phosphorylation (ref. 28 and Figure 5 , A and B). We observed reduced STAT1 signaling even in the presence of IFN-γ, which is a primary activator of STAT1 signaling (28) . Additionally, IDH-C35 treatment of GL261 R132H restored STAT1 levels to those of GL261 WT cells ( We further examined STAT1 expression on IDH-WT and IDH-MUT LGG tissue sections by immunohistochemical staining
LGG and murine glioma tissues led us to examine whether these genes are expressed by glioma cells themselves. RT-PCR evaluation of in vitro-cultured cells revealed that the NHA cell line and mouse glioma cell lines GL261 and SB28 expressed the CTLattracting chemokines CXCL9 and CXCL10 ( Figure 4A and Supplemental Figure 6 ), but not CD8A, CD8B, GZMB, or IFNG (Supplemental Figure 7 ). GL261 R132H cells expressed reduced levels of the CTL-attracting chemokines Cxcl9 and Cxcl10 in comparison with GL261
WT cells ( Figure 4A ). We observed similar results by RT-PCR in both SB28 and NHA models and by CXCL10-specific ELISA in the NHA model (Supplemental Figure 6 ).
Treatment of GL261
R132H cells with a specific inhibitor of mutant IDH1 (IDH-C35) reversed the levels of Cxcl9 and Cxcl10 to those observed with GL261-WT cells. However, IDH-C35 did not affect the Cxcl9 or Cxcl10 levels in GL261-WT cells ( Figure 4A ). These findings indicate that mutant IDH1 leads to decreased expression levels of CTL-attracting chemokines within glioma cells.
We next performed a Transwell assay to assess the migration of murine splenocyte-derived CD8 + T cells toward glioma cell line-conditioned media (CM) derived from either IDH1 WT or IDH R132H cell lines. Migration of CD8 + T cells toward CM of IDH R132H tumors was reduced compared with that observed in IDH1
WT CM using both SB28 and GL261 models ( Figure 4B and Supplemental Figure 8 ). Importantly, antibody-mediated blockade of CXCR3, the receptor for CXCL9 and CXCL10, reduced T cell migration toward GL261
WT CM. Furthermore, the addition of recombinant murine CXCL10 to CM from IDH R132H cultures increased T cell migration to levels observed when using IDH WT CM ( Figure 4B ). Remarkably, when CM was derived from GL261 R132H or SB28 R132H cells treated with IDH-C35, migration of T cells recovered to the levels observed with IDH1
WT CM ( Figure 4B and Supplemental Figure 8 , respectively). Taken together, these observations demonstrate that IDH-MUT glioma cells produce + T cells toward GL261 glioma cell-CM by Transwell assay. CM were diluted 1:1 with fresh media. For CXCL10 conditions, 100 ng/ml recombinant murine CXCL10 (rCXCL10) was added to GL261-MUT-CM. For blockade of CXCR3, T cells were preincubated in 10 μg/ml anti-CXCR3 for 30 minutes prior to use. Results are representative of 3 independent experiments, each performed in triplicate with highly similar results. (C) RT-PCR analysis of OAS2 and CXCL10 gene expression from 4 unique glioma patient-derived neurospheres with IDH1 mutations either untreated (-) or treated with IDH-C35 for 3 days. Each line (and sample name) corresponds to a neurosphere generated from a different patient. Gene expression levels were normalized to GAPDH and are shown relative to expression levels in untreated neurosphere NCH1681. P values were obtained using 1-way ANOVA with a Newman-Keuls multiple comparisons test (A and B) and a 2-tailed, paired t test (C). *P < 0.05, **P < 0.01, ***P < 0.001; NS, P > 0.05. To demonstrate whether STAT1 directly regulates CXCL9 and CXCL10 in glioma cells, GL261
WT cells were transfected with retroviral vectors encoding either scrambled shRNA or 4 unique shRNAs targeting STAT1 and then stimulated for 12 hours with recombinant murine IFN-γ. GL261
WT cells transfected with STAT1 shRNA demonstrated decreased Stat1, Cxcl9, and Cxcl10 levels by RT-PCR ( Figure 6C ) and decreased CXCL10 as measured by ELISA ( Figure  6D ) compared with cells transfected with scrambled shRNA.
IDH-C35 enhanced the efficacy of a peptide-based vaccine in mice challenged with GL261. To determine whether IDH mutation status impacts the efficacy of peptide-based vaccine therapy, C57BL/6 mice received 3 doses of prophylactic vaccinations with synthetic peptides derived from glioma-associated antigens (GAAs) (EPHA2 671-679 , EPHA2 682-689 , TRP2 180-188 , GARC1 177-185 , and HBV core 128-140 ) (29, 30) emulsified in incomplete Freund's adjuvant (IFA) with polyinosinic-polycytidylic acid with polylysine and carboxymethylcellulose (poly-ICLC) as an adjuvant. Vaccinated mice were then challenged with GL261
WT or GL261 R132H tumors. While more than 80% of mice challenged with GL261
WT tumors rejected the tumor, the vaccine treatment prolonged the survival of mice challenged with GL261 R132H tumors only marginally (median survival of 21.5 vs. 23.5 days; P = 0.0016) compared with mice treated with vehicles alone and was unable to lead to long-term survival beyond 40 days after tumor inoculation ( Figure 7A ).
We then asked whether IDH-C35 could improve vaccine efficacy in IDH-MUT tumor-bearing mice. Vaccinated mice challenged with GL261
WT or GL261 R132H tumors received daily treatment by oral gavage with IDH-C35 (450 mg/kg/day; Figure 7A ). The treatment had no affect on the survival of mice bearing GL261 WT gliomas, with or without prior peptide vaccination (Figure 7A ), or of mice bearing GL261 R132H gliomas without prior vaccination ( Figure 7A ). On the other hand, IDH-C35 significantly improved the survival of GAA-vaccinated mice bearing GL261
R132H gliomas compared with GL261
R132H glioma-bearing mice that received peptide vaccine but no IDH-C35 (median survival of 31 vs. 45 days; LGG models and suggest that the development of T cell-based immunotherapies for
LGGs should take into consideration the altered chemokine profiles of IDH-MUT tumors. IDH mutations are believed to be one of the initial mutations to occur in gliomas (7) . Thus, all currently available models are inherently limited, in that these gliomas lack an IDH mutation in early development. Nonetheless, in the current study, we used multiple cell models, including the NHA model, which has been extensively characterized as a model for tumorigenic transformation of astrocytes, especially in the presence of an IDH1 mutation (33, 34) . Additionally, we used the C57BL/6 mouse syngeneic SB28 model, which was driven by transfection of the human oncogenes PDGFB , NRAS, and short hairpin targeting P53 (35) , thereby genetically resembling proneural GBMs, which commonly harbor IDH mutations (36) . Although GL261 is a chemically induced glioma cell line (37), this model was critical for the current study, as it is one of the most extensively studied syngeneic mouse glioma models with established T cell epitopes for vaccines (29, 30) . Although none of these models perfectly resembles human IDH-MUT LGGs, our data from these models consistently demonstrated the impact of IDH mutations on STAT1 and the subsequent immunological milieu. Furthermore, the use of primary spheroid cultures derived from IDH-MUT glioma patients confirmed our observations related to the reversal of CXCL10 production following IDH-C35 treatment ( Figure 4C ).
Patients with IDH-MUT LGGs have better survival rates than do patients with IDH-WT LGGs (38) . This may seem inconsistent with our syngeneic mouse models, in which we observed no difference in survival between mice with GL261-WT and those with GL261-MUT tumors (Figure 7) . Furthermore, our observations that IDH-MUT gliomas have reduced numbers of infiltrating T cells may seem contradictory to those of previous studies demonstrating that tumor infiltration by CD8 + T cells is predictive of better patient survival (39) (40) (41) . However, it is important to note that human IDH-WT LGGs may be driven by other oncogenic signals that are not present in IDH-MUT tumors, and poor prognosis may indicate that the biology of IDH-WT LGGs more closely resembles that of GBM than of LGGs (42) . In our models, genetic backgrounds for IDH-MUT versus IDH-WT cells (with SB28, GL261, and NHA) were the same except for the status of IDH, which is not the case in human
LGGs. Future studies are warranted to better understand the tumor properties that account for the differential survival of patients with IDH-WT LGGs and those with IDH-MUT LGGs.
The biological activities of STAT1 are known to be regulated by phosphorylation of STAT1 at tyrosine 701 and serine 727 sites P = 0.0177; Figure 7A ). Furthermore, IDH-C35 treatment of vaccinated mice enhanced CD3 + CD8 + T cell infiltration ( Figure 7 , B and C) and Cxcl10 expression (Supplemental Figure 10) in the glioma cells compared with mice that received vaccine treatment alone. Consistent with our immunofluorescence analyses of WHO grade III cases (Supplemental Figure 3) , there were no differences in the level of CD3 +
CD8
-T cell infiltration (Supplemental Figure 11 ) between GL261-WT and GL261-MUT tumors for either treatment condition. Of note, peripheral blood-derived T cells from prevaccinated mice with or without IDH-C35 treatment showed equivalent levels of IFN-γ response to peptides in the vaccine, indicating that the IDH mutation status in the intracranial glioma did not affect systemic responses to the peptide-based vaccine ( Figure 7D ).
Discussion
To understand how IDH mutations influence the immunological microenvironment of LGGs, we compared immune responses in IDH-MUT and IDH-WT LGGs using clinical specimens, the TCGA database, and newly created syngeneic murine models of IDH-WT and IDH-MUT gliomas. We found that IDH-MUT LGGs exhibited a markedly reduced CD8 + CTL signature compared with IDH-WT LGGs. Using the syngeneic SB28 and GL261 mouse models, we found that the IDH1 R132H mutation in murine gliomas led to a reduction of CD8 + T cells and CTL-attracting chemokines. Our in vitro experiments, designed to investigate glioma cell-intrinsic mechanisms, revealed that IDH-MUT tumors had reduced expression of the T cell-attracting chemokines CXCL9 and CXCL10, leading to reduced migration of T cells toward CM from IDH-MUT cells compared with media from IDH-WT cells. Furthermore, compared with IDH-WT cell lines, IDH-MUT cells expressed lower levels of STAT1 protein, an important regulator of CXCL 9 and CXCL10. We also found that these changes were mediated through 2HG. Finally, IDH-C35, a selective inhibitor that blocks the ability of IDH1 mutations to produce 2HG, reversed the inhibition of CXCL10 and T cell migration and enhanced the efficacy of GAA vaccines in mice bearing GL261 R132H gliomas. Our findings highlight what we believe to be a novel mechanism of immune evasion and demonstrate that mutations in IDH suppress chemokines critical for the accumulation of CD8 + T cells in the tumor. We have previously reported the importance of CXCL10 in the recruitment of CD8 + T cells to murine gliomas (11, 13, 31) and the preliminary clinical activity of vaccinations with α-type 1-polarized DCs, which induced CXCL10 production in patients with GBM (32) . Our data in the current study corroborated these previous observations in both clinical and preclinical Results were analyzed by log-rank (Mantel-Cox) and 1-way ANOVA with Dunnett's multiple comparisons test for data sets in A and C, respectively. *P < 0.05, **P < 0.01, ***P < 0.0001, and NS, P > 0.05. Recent studies have demonstrated that mutation load levels within tumors such as GBMs are associated with response to immunotherapy (55, 56) . As the decreased cytotoxic T lymphocyte (CTL) signature in IDH-MUT compared with IDH-WT cases could be due to differences in mutation load, we compared the mutation load levels in TCGA data. Interestingly, IDH-MUT
LGGs have more mutations than do IDH-WT LGGs (Supplemental Figure 13 ), indicating that the differential mutation load is not likely to be the reason for our results in the current study. Furthermore, the increased mutation load in IDH-MUT cases may be due to decreased levels of immune surveillance and subsequent immune-selective pressure.
The prophylactic vaccine setting of the current study is relevant, as one of the goals in the treatment of patients with LGG is prevention of recurrence. Furthermore, IDH-C35 was given therapeutically to glioma-bearing mice, in a manner similar to how it would be administered to patients. We have previously reported the induction of robust CTL responses in LGG patients treated with synthetic peptides for high-grade glioma-derived GAAs (57).
In the current study, we evaluated the role of IDH mutations and 2HG in tumor-intrinsic pathways that subsequently reduce T cell accumulation in the tumors. It is known that 2HG can be present at millimolar levels in IDH-MUT tumors (58) . Therefore, there is a strong possibility that 2HG may also impact nontumor cells such as microglia, macrophages, and T cells in the tumor microenvironment. Interestingly, in our preliminary experiments, treatment of the BV2 microglia cell line with 2HG resulted in reduced STAT1 and CXCL10 levels (Supplemental Figure 14) . Further studies are warranted to examine the role of 2HG in cells in the tumor stroma.
In summary, we report for the first time to our knowledge that IDH mutations in glioma cells lead to decreased STAT1 protein levels, which regulate T cell-attracting chemokines and impact CD8 + T cell accumulation. Strategies to improve CD8 + T cell accumulation in the tumor, such as the use of mutant IDH inhibitors, should be considered for integration into T cell-based therapies for patients with IDH-MUT gliomas.
Methods
Experimental design. Vehicle-treated controls were used, and mice were randomized into groups when appropriate. Mechanistic studies on cells lines were performed without blinding. Sample sizes were and involve homodimerization of STAT1 (43) . However, regulation of STAT1 signaling may also occur at the expression level of STAT1 protein itself (44) (45) (46) . As 2HG is known to cause CpG site hypermethylation (47), we hypothesize that STAT1 expression might be regulated by the methylation of its promoter. However, our analysis of STAT1 methylation site β values from TCGA 450k methylation data (Supplemental Figure 12) and Illumina 850k array on NHA cells revealed no significant differences in STAT1 promoter methylation between IDH-WT and IDH-MUT samples (48) . Further studies are warranted to understand the mechanism by which mutant IDH and 2HG suppress STAT1 protein levels.
In the current study, we showed the efficacy of IDH-C35 in recovering STAT1, CXCL10, and T cell chemotaxis. Recently, Johannessen et al. (33) demonstrated that IDH mutations irreversibly drive anchorage-independent growth of NHA cells, with the role of mutant IDH then changing from a driver to a passenger mutation. The fact that IDH-C35 did not reverse histone methylation and the phenotype of tumor cells (33) creates a challenge and may raise a question about the use of IDH inhibitors as a monotherapy in patients. This is consistent with our finding that IDH-C35 monotherapy did not delay GL261-MUT tumor growth in vivo compared with vehicle controls. IDH-C35 improved symptom-free survival when used in combination with vaccine, thereby supporting the use of IDH inhibitors in combination with immunotherapy.
Several reports have demonstrated that CD8 + T cells can be tolerized following chronic antigen exposure by downregulating the CD8 coreceptor (49, 50) . However, our GO term analysis of TCGA data (Supplemental Table 2 ) demonstrated that many CD8 + T cell-related genes, and not just the CD8 gene, are downregulated in IDH-MUT compared with IDH-WT cases. In particular, the GO term "lymphocyte aggregation" revealed that 47 genes are enriched in WT cases when compared with MUT cases (Supplemental Table 2 ), suggesting that there is an actual decrease in CD8 + T cell numbers rather than a downregulation of the CD8 coreceptor. Further studies are warranted to examine T cell tolerance in IDH-MUT gliomas. Other GO terms comparing IDH-WT and IDH-MUT cases supported decreased STAT1 signaling. For example, the term "response to interferon-gamma" was enriched with 22 genes in IDH-WT compared with IDH-MUT cases. Furthermore, terms such as "lymphocyte chemotaxis" (7 genes) and "T cell migration" (8 genes) were enriched in IDH-WT compared with IDH-MUT cases.
We believe the CD8 + T cells that we found to be decreased in IDH-MUT cases were αβ T cells rather than γδ T cells, as we did not observe any γδ T cells in WHO grade III glioma cases by immunofluorescence (Supplemental Figure 3) . Furthermore, it has previously been reported in syngeneic GL261 tumors that the γδ T cell response occurs on day 10 and then diminishes in developing tumors (51) . Last, our GO term analysis demonstrated enrichment of αβ T cell activation genes in IDH-WT compared with IDH-MUT cases. We acknowledge that IDH mutations may also regulate T cells through additional mechanisms, as the GO terms "lymphocyte activation" and "lymphocyte differentiation" were enriched in IDH-WT compared with IDH-MUT cases, although this may also be due to increased CD8 + T cell accumulation at the tumor site. In our analysis of TCGA data, staining of grade III glioma tissue, and flow cytometric analysis of GL261 tumor-infiltrating lym- the clusterProfiler R package (60) was used to perform GO enrichment analyses. Genes upregulated in IDH-WT and IDH-MUT tumors were defined as genes with a Benjamini-Hochberg-corrected P value of less than 0.01 and a difference in mean log 2 expression of greater than 1. We used a background gene list of all genes with expression data. Intracranial injection of GL261 glioma cells. C57BL/6j mice used for the study were purchased from The Jackson Laboratory. The procedure used in the current study has been described previously (13, 61) . Briefly, using a Hamilton syringe (Hamilton Company), 1 × 10 5 GL261-WT or GL261-MUT cells in 2 μl PBS were stereotactically injected through an entry site from the bregma, 3 mm to the right of sagittal suture, and 3.0 mm below the surface of the skull of anesthetized mice by using a stereotactic frame (Kopf). Mice were monitored daily for symptom-free survival.
Prophylactic vaccination with GAAs. Prophylactic vaccinations were administered as described previously (31) . Briefly, mice received s.c. vaccinations with 100 μg HBV core 128-140 and GAA peptides, 100 μg each of hgp100 [25] [26] [27] [28] [29] [30] [31] [32] [33] . Glioma cell-CM were derived from media with confluent GL261 and SB28 glioma cell lines. Plates were incubated at 37°C overnight, the contents of the lower chamber were collected, and the percentage of viable CD8 + cells present in the bottom chamber was determined using the Countess Cell Counter System (Thermo Fisher Scientific) and the WST-1 cell viability assay (Roche).
RT-PCR.
Tumor samples or cells were placed in Buffer RLT (QIAGEN; 79216), lysed using QIAshredder columns (QIAGEN; 79654), and total RNA isolated using the RNAeasy Kit (QIAGEN). Total RNA (10 ng) was further converted to cDNA using an XLT cDNA Synthesis Kit (Quanta Bioscience; 95161), and RT-PCR was done with 2 μl cDNA using Taqman Gene Expression Assays (Thermo Fisher Scientific; 4331182) and a StepOne Plus System (Thermo Fisher Scientific). GAPDH was used as a housekeeping gene in all gene expression experiments.
ELISA. Tumor tissue cell extracts in RIPA buffer were used for ELISA. CXCL10 protein levels were determined using either the human or mouse CXCL10/IP-10 Quantikine ELISA Kit (R&D Systems; DIP100 and MCX100, respectively), according to the manufacturer's protocol. Absorbance was measured using an Epoch Spectrophotometer (BioTek).
Western blot analysis. Total protein was isolated from cells or tissue by lysis with ice-cold RIPA buffer containing protease and phosphatase inhibitors. Protein concentration was measured with the Pierce BCA Protein Assay Kit (Thermo Fisher Scientific; 24225). The proteins chosen on the basis of power calculations based on previous studies to estimate the population mean and SD. All data were included in the analysis, and the criteria for interpretation were established prospectively. Experiments were performed a minimum of 2 times (as indicated in the figure legends).
Reagents. The following reagents were purchased: RPMI 1640, DMEM, L-glutamine, sodium pyruvate (NA-Pyr), β-mercaptoethanol (2ME), nonessential amino acids (NEAAs), penicillin/streptomycin (p/s), and anti-CD3/anti-CD28 Dynabeads (Thermo Fisher Scientific); heat-inactivated FBS (Gemini Bio-Products); and recombinant human IL-2 (rhIL-2) (PeproTech). Poly-ICLC was provided by Oncovir Inc. The following peptides were synthesized by the automated solid-phase peptide synthesizer at the University of Pittsburgh Peptide and Peptoid Synthesis Core: H-2Db-binding mEPHA2 671-679 (FSHHNIIRL); H-2Db-binding mGARC-1 77-85 (AALLNKLYA) (49); H-2Db-binding human gp100 (hgp100) [25] [26] [27] [28] [29] [30] [31] [32] [33] (KVPRNQDWL); H-2Kb-binding mEPHA2 682-689 (VVSKYKPM); and H-2Kb-binding mTRP2 [180] [181] [182] [183] [184] [185] [186] [187] [188] (SVYDFFVWL). I-Ab-binding HBV core 128-140 (TPPAYRPPNAPIL) was purchased from A&A Labs.
Cell culture. Murine GL261, provided by Robert Prins (UCLA, Los Angeles, California, USA) and SB28 (35) glioma cell lines were maintained in RPMI 1640 supplemented with 10% FBS, NEAA, NA-Pyr, 2ME, and p/s. Immortalized, untransformed NHA cells stably expressing either WT or R132H-mutant IDH (59) were cultured in DMEM containing 10% FBS, NEAA, NA-Pyr, 2ME, and p/s. Primary glioma spheres derived from patients with IDH1-MUT WHO grade III glioma were cultured in DMEM/Ham's F-12 with p/s, L-glutamine (100 U/ml), and 20% BIT 9500 Serum Substitute (STEMCELL Technologies) and supplemented with 0.02 ng/ml basic FGF (bFGF) and EGF (ReliaTech GmbH). All cell lines were maintained in a humidified incubator in 5% CO 2 at 37°C.
Generation of cell lines transduced with IDH cDNA. Aliquots of 5 × 10 5 GL261 and SB28 cells were plated overnight in antibiotic-free media onto 6-well plates. Cells were then transfected with 10 μg plasmids encoding cDNAs for either the IDH-WT (OriGene Technologies; RC210582) or the R132H IDH-MUT (OriGene Technologies; RC400096) with Lipofectamine 2000 and Opti-MEM (Thermo Fisher Scientific), according to the manufacturer's protocol. Forty-eight hours after transfection, G418 selective media were added for one week to select for stably transfected cells. Stable transfection was confirmed using Western blotting for the DDK tag. TCGA analysis. TCGA level 3 gene expression (~20,000 genes) data and microRNA data (~1,000 microRNAs) were downloaded from the University of California Santa Cruz (UCSC) cancer genome browser for WHO grades II and III glioma patients (started with approximately 500 cases). 450k methylation data were downloaded directly from TCGA database. As oligodendroglioma has a different biology and prognosis than does astrocytoma, we excluded cases with chromosome 1p/19q deletion, which is a marker for oligodendroglioma (1) . Data on the IDH mutation status were then obtained from the remaining cases using cBioportal, and cases were stratified into 2 groups on the basis of nonmutated WT (58 cases) or mutated (MUT; 150 cases) status in IDH1 or IDH2. Log 2 expression of genes between the IDH-WT and IDH-MUT groups was used to compare expression levels of 310 genes related to immune responses in WT versus MUT cases. A 2-sided, unpaired t test was performed, with a Benjamini-Hochberg adjustment for multiple testing using Microsoft Excel. For GO term analysis, 1 4 3 6
jci.org Volume 127 Number 4 April 2017 the mean ± SD. P values of less than 0.05 were considered statistically significant. For TCGA data analysis ( Figure 2) , P values were obtained using a 2-sided, unpaired t test, with the BenjaminiHochberg adjustment for multiple testing. For animal survival studies ( Figure 7) , P values were determined by log-rank (MantelCox) test and 1-way ANOVA. Study approval. Clinical samples were obtained from the Brain Tumor Research Center Tissue Core at UCSF under a protocol approved by the UCSF Committee on Human Research. All mouse studies were predefined and performed under a UCSF IACUC-approved protocol.
were denatured at 95°C for 5 minutes using Blue Loading Gel Dye and DTT at 1× concentration from the Blue Loading Buffer Pack (Cell Signaling Technology; 7722). Western blotting was performed using primary rabbit anti-IRF1 (Cell Signaling Technology; 8478); rabbit anti-STAT1 (Cell Signaling Technology; 9172); rabbit anti-p-STAT1 (Cell Signaling Technology; 9167); and rabbit anti-β actin (Cell Signaling Technology; 4967) according to the manufacturer's recommended protocols. Quantification of band densities on Western blot films was performed using ImageJ (NIH).
Immunofluorescence staining of mouse samples. Euthanized mice received transcardial perfusion with 10 ml PBS. Brains were removed and fixed in 4% paraformaldehyde, followed by 30% sucrose solution and embedded in O.C.T. Compound (Tissue-Tek; 4583; Sakura Finetek). Sections (10-μm-thick) were fixed in acetone solution at -20°C for 10 minutes and then placed in 10% normal goat serum (Abcam; ab7481) for blocking. The following antibodies were used: anti-CD3 (1:100; Abcam; ab11089); anti-CD8 (1:50; Biorbyt; orb323288); goat anti-rat (1:500; Abcam; ab150167); and goat anti-rabbit (1:500; Abcam; ab150086). Samples were dehydrated in ethanol (95%-100%) and mounted with DAPI (ProLong Gold Antifade Reagent with DAPI; Life Technologies, Thermo Fisher Scientific).
Image acquisition and analysis. Images were acquired using a Zeiss Axio Imager 2 microscope (×20 magnification) and TissueFAXS scanning software (TissueGnostics). Identical exposure times and threshold settings were used for each channel on all sections of similar experiments. Quantification of dp cells was performed using StrataQuest Analysis Software (TissueGnostics), with detection engines set for our purposes. In brief, the algorithm detected nuclei on the basis of the signal from the DAPI channel, then expanded and built a mask over the cytoplasm. On the generated mask, the algorithm searched for colocalization of TEX and Cy5 signals. Results were plotted onto scattergrams or histograms, and events were manually verified for all quadrants. The number of cells per area (mm 2 ) and total number of cells (as a percentage of total DAPI + nuclei) were calculated.
LC-MS detection of 2HG.
Metabolite extraction and LC-MS were performed as described previously (8) . Fresh media were added to 1 × 10 6 cells for 24 hours, and media were then collected for analysis.
Cells were washed twice with cold PBS and then resuspended and vortexed in a solution of 80% methanol and 20% water. Cell extractions were then immediately stored at -80°C until analysis. Analysis was performed at the UCSF Lipid Mass Spectroscopy Core. Statistics. Statistical analysis was performed using Excel (Microsoft) or Prism V (GraphPad Software). Data are expressed as
